
Behavior of a pool filled with water and loaded by an internal explosion 

F. DELMAIRE-SIZES B. AUTRUSSON A. NICAUD D. BROCHARD 

Institut de Protection et de Sfiret6 Nucl6aire 
Centre d'Etudes de Fontenay-aux-Roses, FRANCE 

ABSTRACT 

The aim of the present paper is to study the behaviour of a rectangular reinforced concrete pool or tank on detonation 
of an internal explosive. The first part of the paper studies the propagation of shock waves in order to assess the 
behaviour of pool or tank walls when subjected to a rapid pressure change versus time increase. The second part of the 
paper studies the use of MOI (wave propagation computer code) and CASTEM (mechanical finite element computer 
code) software to assess structural dynamic response and damage. The MOI code is a simplified assessment method 
based on empirical laws of wave propagation in water. This specific software based on the method of images was 
developed and validated by comparison with 3D calculations. 

First, the impacts of parameters such as the size of the pool or tank, the type and amount of explosive, the vertical and 
horizontal position of the explosive charge and the free surface were researched. Then, for a given geometry of the pool 
and a quantity of explosive, the position of the explosive charge for maximum pool wall load was researched. Pool wall 
dynamic response and associated damage were assessed. The wall behaviour was taken into account (fundamental 
concrete laws, steel bar and cladding shell elastoplastic behaviour). The damage corresponds to the evaluation of the 
material ductility which enables the assessment of the pool behaviour versus explosive charge (position, mass and type) 
to be assessed. 

1 - INTRODUCTION 

IPSN has defined a long-term program of which the general objective is to establish the behaviour of a pool or a tank 
filled with water and loaded by an internal explosion. This program is based on numerical simulations with computer 
codes and on experiments. Simulations and experiments are aimed at validating wave propagation and shell mechanical 
response. 

Three kinds of numerical methods were used and compared to assess shock wave propagation [1 ]. It was found that 
the simplified MOI (wave propagation computer code) method overestimates the pressure peak and underestimates the 
wave rate found with the computer-coded 3D calculation method. The pressure field value resulting from shock wave 
propagation is used to assess the behaviour of pool or tank walls when subjected to a rapid pressure change versus time 
increase. MOI (wave propagation computer code) and CASTEM (mechanical finite element computer code) methods 
have been associated to assess structural dynamic response and associated damage. 

2 - POOL D ESCRIPTION 

Though it is not easy to be exhaustive, IPSN has focused the present analysis on the most common nuclear plant 
pools: 

- Rectangular pools with a width equal to one fourth of the length and a height equal to 15 % of the length, 
- Reinforced concrete pool walls, 
- Water height equal to 80% of the total height, 
- Sufficiently significant dimensions to have numerous reflections on the walls and on the free surface and to have 
shock wave attenuation, 

- Stainless steel wall ensuring pool tightness, 
- Internal sheet iron reinforcement: 

• Vertical reinforcement : 16 mm diameter, 150 mm gap between each iron bar, 
• Horizontal reinforcement : 25 mm diameter, 150 mm gap between each iron bar, 

- External sheet iron reinforcement: 
• Vertical reinforcement : 20 mm diameter, 150 mm gap between two iron bars, 
• Horizontal reinforcement : 25 mm diameter, 150 mm gap between two iron bars. 

Modelling of the structure loaded by an internal explosion has to take both 3D and free surface properties into 
account. The pressure field value resulting from the shock wave propagation calculation is used to assess the mechanical 
behaviour of the pool. It is assumed that pool walls do not move, i.e. that wall movements do not affect the pressure 
field depending on the wave propagation times which differ from wall eigenperiods. 



3 - THE METHOD OF IMAGES 

3-1 - G e n e r a l  d e s c r i p t i o n  

The MOI code is a simplified method used to assess the pressure applied on the walls of  a pool or a tank loaded by an 
internal explosion. The method of  images is based on the following assumptions : 

• the shock rate is constant in water at any pressure level, 
• the explosion is considered to be punctual. 
During the propagation, the shock is always a spherical divergent one with a very small rising time followed by an 

exponential decay. The maximum overpressure and constant decay values were established by underwater 
experimentation and are dependent on energy and distance. In all cases, the fluid is assumed to be at rest. 

The MOI method validity range is based on previous tests. According to Reference [2], the pressure range with TNT 
varies from 3.4 MPa to 138 MPa. It is therefore important to bear in mind that maximum overpressure in the field near 
the source must remain lower than the adiabatic bulk modulus of water. This parameter is defined by the product of 
density and the square of sound velocity. 

Each reflected wave is generated from a virtual source at the symmetric position of  the explosive charge with respect 
to the plane interface. One of the virtual sources generates the free surface reflected expansion wave and the other 
virtual sources generate the compression waves with an amplitude related to a reflection factor. 

Reflection wave properties are to be compliant with initial wave properties, except the free surface wave (negative 
amplitude). The reflected overpressure range is corrected by a reflection coefficient K. The spherical wave reflection 
coefficient is formulated in Reference [3] <<Linear theory of bottom reflections>> - and used in BOTREF Code. The MOI 
method reflection coefficient is based on a non-shear, low incidence plane wave reflecting on a rigid wall. 

The simplified MOI Code software is drawn up in FORTRAN and developed by CEA/DAM/DIF/DASE. Figure 1 
presents the MOI general layout. Point 1 represents the explosive source and points 2 to 16 represent the virtual sources 
used to assess the various reflections (wall, bottom and free surface reflections). 

3-2  - B a s i c  e q u a t i o n s  

The explosive behaviour is subject by the semi-empirical law set out in reference [2]. The maximum pressure at a 
point located at a distance r from an explosive mass W, versus time is given by the following equations • 
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TNT explosive parameters are the following • 

Table 1 - MOI parameters for TNT 

kp in Pa 

524 105 

ff, p 

1,13 

k o ins  

0,084 10 .3 

G[0 

-0,23 

The reflection coefficient K expression is straightforward and is only dependent on water and concrete density and 
sound velocity. 

Preflected (r, W) "- Pineident ( r ,  W) * K 

K = Pw Cw - Pc Cc 
pw Cw + pc c~ 

Where the pair of  values (W,r), W represents the mass of the explosive, r the distance from the center of the explosive 
sphere, 9w or c and Cw or c are respectively the density and velocity in water and in the concrete. 



3-3 - V a l i d a t i o n  o f  M O I  

The MOI Code was compared with the CEA/DAM HESIONE Hydrodynamic Code [4] and the ESI PAMSHOCK 
Code [5]. Hydrodynamic Code wave propagation behaviour is divided into two stages. The first stage corresponds to 
propagation before reflection and the second stage corresponds to propagation after the first reflection. A very refined 
mesh is required for the first stage but is not required for the second stage. 

With 21 kg of explosive at the pool centre, the explosion generates a shock wave and a gas bubble in the fluid. The 
bubble reaches the free surface after several pulses. A shock wave, which may be combined with the initial shock wave, 
is created on each pulse. The Herring Formula [6] is used to assess the dynamic equilibrium of the bubble generated 
when the explosion occurs. With a source positioned at 4.5 m below the free surface, the vertical displacement of the 
bubble is 1.5 m on the first pulse and the bubble reaches the free surface 0.3 s after the explosion. This time is long 
enough with regard to the wave propagation in order to prevent any interaction between the bubble effect and the wave 
propagation. 

The 3D calculations performed with HESIONE show that water cavitation takes place with all mesh types. Cavitation 
is physically limited near the free surface. These calculations have been confirmed in the theoretical works carried out 
by Cushing, [7] and the experimental works carried out by Walker, [8] (underwater explosions). 

The pressure versus time ratio at a distance of 2 meters from the explosive centre (before reflection) shows that the 
wave calculated with MOI reaches the free surface later than the wave calculated with HESIONE (Figure 2). MOI 
considers the wave rate as constant whereas HESIONE / PAMSHOCK consider the wave rate as non-linear and even 
supersonic at the beginning of wave propagation. The pressure assessed with HESIONE / PAMSHOCK is lower than 
the pressure assessed with MOI - due to the fact that MOI does not take water pseudo-viscosity into account. 

Differences between the overpressure assessed with MOI and with HESIONE / PAMSHOCK Codes at greater 
distances from the centre of the explosive are even more significant. These differences seem to be due to the free surface 
reflection e f f e c t -  since HESIONE / PAMSHOCK Codes calculate expansion waves generating an underpressure, 
attenuating the shock wave effect. Nevertheless, impulse (corresponding to the integration of the pressure peak versus 
time) differences are less significant than maximum pressure differences. As shown in Figure 3, the impulse assessed 
with MOI and PAMSHOCK are approximately similar. At a greater distance from the explosive centre, the impulse 
assessed with all three codes is approximately similar. 

A MOI / CASTEM Code interface has been drawn up. Pressure is assessed by considering pool walls as perfectly 
reflective with the MOI Code. The pressure field versus time ratio is used to assess stress state with the CASTEM Code 
[9], on the basis that wall deformations have no impact on water movement. 

4. APPLICATIONS 

4-1 - E x p l o s i v e  s o u r c e  g e o m e t r y  and  pos i t i ons  

The size of the explosive device is small in comparison to the dimensions of the pool. For instance, 21 kg of a TNT 
explosive with a density of 1,63 g/cm 3 conducts to a 14,54 cm radius sphere. Three cases are summarised in the table 2. 

Table 2 - Studied cases 

Name TNT 
of case mass in 

K8 
A 21 

B 21 

C 21 

height from 
bottom in 

meters 
3,25 

3,25 

5,4 

horizontal features 

horizontal cross 
section 

one third of the 
length and the half 

of the width 
horizontal cross 

section 

4-2 - mater ia l  d a t a  

Preliminary calculations show that the stress state is greater than the yield stress for all materials. It is therefore 
essential to take material non-linearity into account. Stainless steel vessel wall and reinforcement steel behaviour is 
modelled by a bilinear curve with the following parameters. The concrete model is non-linear and when stresses reach 
the yield stress level, cracks appear and tensile stiffness vanishes. 



Table 3 - Material parameters 

Young modulus 
MPa 
Yield stress in MPa 
Yield strain in % 

in 

Ultimate stress in MPa 
Ultimate strain in % 

Poisson Ratio 
Density in kg/m 3 

Sound Rate m/s 

stainless steel vessel 
wall 
2 105 

165 
0,0825 

Reinforcement steel 

2 105 

400 
0,2 

470 440 
20 10 

0,3 0* 

Concrete 

4,17 104 

tens : 3,8 / comp : 38 
ten :0,0091 / comp : 

0,091 

tens :0,027 / comp : 
0,911 
0,16 

7860 7860 2300 
4394 

* the reinforcement behaviour is unidirectional, then the Poisson ratio is taken equal to 0. 

4 - 3  - m o d e l i s a t i o n  a n d  m e s h  

The bottom pool wall was modelled in the same way as the vertical walls, to take deformation into account (Figure 4). 
The present version of MOI software allows a maximum of 600 nodes. 

5 -  RESULTS 

The preliminary results show that stress due to the hydrostatic pressure and the weight of the structure are negligible 
(1/1000 of the maximum stress state). Consequently, these parameters are not taken into account. The first fifteen 
eigenmodes estimated are ranging from 8,4 Hz up to 21,1 Hz. It confirmed the difference between the wave propagation 
characteristic times and these eigenperiods is large enough to uncouple the two aspects. 

5-1  - C a s e  A 

Due to the symmetry of this case, only one fourth of the pool is meshed. The time steps are respectively equal to 
5,0.10 -5 s with MOI and to 1,0.10 -4 s with CASTEM. 

The stainless steel vessel wall is plastified practically in all points but not at the same time step. The maximal value of 
the stress (290 MPa) is lower than the ultimate stress (470 MPa), figure 5. 

Concerning the internal reinforcement, the weak zones are the longitudinal and transverse junctions between the 
bottom and the vertical walls, noted HL and HT and locally the vertical junction between the two vertical walls noted V 
on figure 4. The reinforcement zones plastify and the stress state exceeds the ultimate stress to reach around 490 MPa. 
However, as the junction walls were not modelled precisely enough, these results are not conclusive. 

Concerning the external reinforcement, the same remarks are made than for the internal reinforcement with a 
maximum of stress equal to 480 MPa. However, the junctions are not totally damaged. HT junction is completely 
damaged (up to the ultimate stress), The V junction is broken along one third of its length from the free surface and the 
HL junction is broken along the two thirds of its length. 

The concrete fracture zone is mainly at the centre of the pool bottom and along two thirds of the length of the 
longitudinal junction. The maximum stress value is of about 9 MPa tensile stress and 28 MPa compressive stress. 

5 - 2  - C a s e  B 

Due to the symmetry of this case, the half of the pool is meshed. The time steps are respectively equal to 5,0.10 .5 s 
with MOI and vary from 1,0.10 -4 s to 2,0.10 -8 s with CASTEM due to local effect of the wall behaviour according to 
position of the explosive source. 

The stainless steel vessel wall is plastified practically in all elements but not at the same time step except the 
transverse vertical wall which is less loaded due to its greater distance from the explosive source. The maximal value of 
the stress (275 MPa) is lower than the ultimate stress (470 MPa), figure 6. 

Concerning the internal reinforcement, the weak zones are also the longitudinal and transverse junctions between the 
bottom and the vertical walls, noted HL and HT and locally, the vertical junction between the two vertical walls noted V 
on figure 2. An important zone of the reinforcement of the closest transverse (most loaded) wall to the explosive source 
is plastified. The stress state reaches 500 MPa over the ultimate stress. 



Concerning the external reinforcement, the same remarks are made than for the internal reinforcement with a maximal 
of stress equal to 550 MPa. In this case the external reinforcements are more loaded than the internal ones. 

The concrete fracture zones are mainly at the bottom pool in regard of the explosive source and along two thirds of the 
length of the longitudinal junction with a localisation of high stress level in front of the explosive source. The maximal 
stress value is of about 14 MPa tensile stress and 29 MPa in compressive stress. 

5-3 - Case  C 

Due to the symmetry of this case, only one fourth of the pool is meshed. The time steps are respectively equal to 5,0.10 -5 s with 
MOI and to 1,0.10 4 s with CASTEM. The results is similar as the case A. 

6- CONCLUSIONS 

The aim of the present paper was to study the behaviour of a rectangular reinforced concrete pool or tank on 
detonation o f an internal explosive. 

Three kinds of numerical methods were used and compared to assess shock waves propagation (time and pressure). 
The simplified MOI method uses semi-empirical laws of wave propagation in water. The two other methods use 

hydrodynamic calculation with mechanical finite elements or finite differences computer codes. 
The impacts of parameters such as the size of the pool or tank, the type and amount of explosive, the vertical and 

horizontal position of the explosive charge and the free surface were researched. It was found that the simplified MOI 
(wave propagation computer code) method overestimates the pressure peak and underestimates the wave rate. These 
shock wave calculation results may be used to design reduced-scale test mock-ups. Experimental results will be used to 
validate or to assess MOI pressure peak results. 

A MOI / CASTEM Code interface has been drawn up, based in particular on the consideration that water movements 
have no impact on wall deformations and the pressure peak. It was shown that with 21 kg of TNT, the pool sustains 
some damage: cracks in the concrete and local reinforcement fractures. The additional stainless steel vessel wall is 
palstified but maintains pool water-tightness. However, the ultimate stress level was not reached. 

7- N O M E N C L A T U R E  

P 
Pmax 

t 
r 

W 

po 
P 
e 

eo 

U~ 
u 

Co 

: Pressure applied to the pool wall 
: Peak pressure applied to the pool wall 
:Time 
: Distance between the explosive centre and the point where the pressure is assessed 
:Explosive Mass 
: fluid density at rest 
: fluid density during the wave propagation 
: fluid internal energy 
: fluid internal energy at rest 
:shock wave velocity 
: fluid rate 
: sound rate for fluid at rest 
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Figure 2 - Hesione and Moi Comparisons at two meters from the centre of explosive source 
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Figure 5 - Case  A Stress state in vessel  wall  
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Figure 6 - Case  B Stress state in vessel  wall  
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